The semiconductor electronic industry is advancing at a very fast pace. The size of portable and handheld devices are shrinking day by day and the demand for longer battery backup is also increasing. With these requirements, the leakage power in stand-by mode becomes a critical concern for researchers. In most of these devices, memory is an integral part and its size also scales down as the device size is reduced. So, low power and high speed memory design is a prime concern. Another crucial factor is the stability of static random-access memory (SRAM) cells. This paper combines multi threshold and fingering techniques to propose a modified 6T SRAM cell which has high speed, improved stability and low leakage current in stand-by mode of the memory cell. The simulations are done using the Cadence Virtuoso tool on UMC 55 nm technology.
Introduction
With the rapid growth in the semiconductor industry, the packing density of integrated circuits ICs is ever increasing and the component or transistor size is reducing. Static random-access memory (SRAM) is an integral part of modern-day electronic devices. To achieve higher integration density of SRAM, a minimum sized memory cell is desirable, but this significantly increases leakage current. In lower technology, stand-by leakage is a major factor contributing to total leakage current. Portable handheld devices also remain in stand-by mode for considerable amounts of time; hence, leakage in this mode also is a serious concern as it reduces the battery backup time.
To reduce the leakage current in complementary metal oxide semiconductor (CMOS) technology, the circuit is operated on lower supply voltage but this in turn slows down the speed of the circuit. Delay can be reduced by using transistors with a lower threshold voltage, but this again increases the leakage current (mainly the sub-threshold leakage current). There are contrasting requirements and good optimization is necessary to design a memory cell with lower stand-by leakage and good stability. Lower voltages and smaller size cause significant degradation of data stability in cells [1] . The stability of SRAM depends on the static noise margin (SNM), which in turn depends on various other cell parameters. Various techniques for leakage power reduction and improvement in cell stability have been proposed by various researchers. Multi-threshold CMOS (MTCMOS) is one of the prominent techniques to minimize leakage power [2] . Fingering is another technique that can be used for reduction in leakage power [3, 4] . This paper combines the two techniques to analyze the effect on leakage current and the SNM of the cell. The simulations are performed on the Cadence Virtuoso tool using UMC 55 nm technology.
The proposed technique combines the multi-threshold and fingering technique to improve upon the two very important design metrics of SRAM cells. The presented technique reduces the leakage current so that the battery life of portable systems in the stand-by mode of operation is increased and also helps to enhance the stability of the cell by showing considerable improvement in the read static noise margin (RSNM) of the SRAM cell. Hence, the proposed design can be used for a stable SRAM cell with lower leakage current in stand-by mode. However, it presents area overhead which can be tolerated due to the improvement in stability and leakage power.
Leakage Current Components in a 6T SRAM Cell
With the use of lower technology nodes, the size of a memory cell is also reduced. This leads to increases in the leakage current component of memory cells. Various components that contribute to leakage in SRAM cells are the junction leakage current, gate leakage current and sub-threshold leakage current. However, in lower technologies, sub-threshold leakage is dominant.
Sub-Threshold Leakage Current
Sub-threshold leakage current is the current that flows between the drain and source of a MOS transistor when it is off; i.e., the gate voltage of the transistor is lower than its threshold voltage and it is mainly composed of diffusion current [5] . The threshold voltage of MOS is accordingly scaled down to maintain the circuit performance at lower technologies; this results in an exponential increase of the sub-threshold leakage current (I sub ). It is given by the following expression: Figure 1 shows the circuit for a CMOS 6T SRAM cell. It contains two inverters formed by transistors M1, M3 and M2, and M4. The two access transistors used are M5 and M6, which are enabled by word-line (WL). It also uses two complimentary bit-lines, BL and BLB. These act as input/output lines that carry data to/from the memory cell.
For the SRAM cell shown in Figure 1 , the two dominant sub-threshold leakage paths are:
• Supply voltage V DD to ground.
•
Bitlines to ground, through access transistors M5 and M6. 
SRAM Cell Stability
The SNM is used to measure the stability of an SRAM cell and is defined by the maximum DC noise that can be tolerated by the memory cell before flipping its state [6] . Figure 2 shows an alternative structure that can be used to measure the SNM of a memory cell. The two back-to-back connected inverters must maintain a bi-stable operating point to hold the data in the cell properly. The SNM of an SRAM cell can be obtained by using a 'butterfly curve' as shown in Figure 3 . The curve can be obtained by plotting the voltage transfer characteristics (VTC) of inverter 2 and the inverse VTC of inverter 1 on the same plot window. The resulting two lobe curve is called a 'butterfly curve'. SNM is defined as the length of the side of the largest square that can be embedded inside the lobes of the butterfly curve [7] . 
SNM Dependences
The noise tolerating capability of an SRAM cell largely determines the stability of the cell to retain its data. It is measured by the SNM, which in turn depends on device parameters like supply voltage, cell ratio (CR), pull-up ratio (PR), threshold voltage of the device and temperature. The cell ratio is the ratio between the size of the driver transistor to the access transistor during the read operation, and PR is the ratio between the size of the load transistor to the access transistor during write operation [8] , as shown in Figure 1 .
It is observed that for a 6T SRAM cell, the SNM can be improved by increasing the cell ratio and pull-up ratio of the cell, but increasing these also results in an increase in leakage current and power dissipation [9] .
Related Work
Various techniques for leakage reduction and SNM improvement have been proposed. SNM improvement techniques mainly include transistor width modulation, word-line voltage modulation and bit-line voltage modulation. Some techniques [10] [11] [12] [13] [14] when applied to the memory cell may lead to contradictory effects; for example, improvement in stability is obtained at the cost of area or leakage power, so optimization of various parameters as per the requirement is a challenge.
Several widely used techniques for leakage reduction in memory cells includes biasing techniques, which include both forward body biasing (FBB) [15] and reverse body biasing (RBB) [16] [17] [18] . Both techniques vary the threshold voltage of a MOS transistor by varying the body bias, as substrate voltage determines the threshold voltage of a transistor and this in turn affects the leakage current and stability of the circuit. The other techniques include dual threshold voltage (V TH ) [19] , variable threshold voltage CMOS (VTCMOS) [20, 21] and stacking of transistors [22] . To improve upon the stability of the SRAM cell transistor width modulation effect, word-line modulation and bit-line modulation can be used. It is observed that stability of the memory cell can be improved by increasing CR, PR, bit-line voltage and word-line voltage.
A charge pump circuit can be integrated to harvest and reverse bit-line charge [23] ; this helps to efficiently recycle the charge to achieve savings in leakage power and also demonstrates good read/write stability. The simulations performed for 180 nm CMOS technology show that there is 3.8% area overhead on comparison with 6T SRAM cell. Another approach to improve the stability of the SRAM cell is to use a 7T read disturbance free differential SRAM cell [24] . This technique isolates the read bit-lines from internal nodes, thereby consuming less energy, but at the cost of area overhead. An 8T SRAM cell with charge recycling read and write assist (CRRWA) technique [25] has also been presented, which reduces read and write energies when compared with 6T CMOS SRAM cells. This technique also introduces area overhead. Read decoupled partial feedback cutting 9T subthreshold SRAM cells (RDPFC 9T) [26] have been presented using the 65 nm technology node to lower the leakage power and achieve higher read stability than CMOS 6T SRAM cells. This design approach, however, has an area overhead of 1.45 times that of the 6T SRAM cell. A differential 10T bit-cell [27] is proposed, which separates the read and write operations to increase the stability of the cell while maintaining the leakage power close to that of the 6T SRAM cell, however it uses additional transistors. A Schmitt trigger (ST) based differential 10T SRAM cell [28] is also presented to improve read stability, but at the cost of area overhead.
Proposed SRAM Cell
It has been shown that the MTCMOS technique can be used in a 6T SRAM cell to reduce the leakage in stand-by mode [27] and the use of two finger transistors in SRAM cell design can be used to reduce leakage [4] . This paper presents a new SRAM cell design which uses the two techniques in combination; the proposed cell improves the leakage current in stand-by mode and also improves the stability of the memory cell. Previous work [4, 29] did not analyze the design effect on the SNM of the cell; in contrast, this paper discusses the effect of the proposed design on stability and SNM.
MTCMOS SRAM
In the MTCMOS technique, two additional high threshold voltage (HVT) transistors (also referred to as sleep transistors) are inserted between the supply rails and the CMOS 6T SRAM cell. The cell is designed using low threshold voltage (LVT) transistors so that the delay of the cell is reduced even for lower supply voltage, which is used to reduce the power dissipation. However, a lower threshold voltage results in increased sub threshold conduction; hence, high threshold voltage sleep transistors are used to cut off the path for current to flow when the circuit is in stand-by mode. The circuit is shown in Figure 4 . This approach increases the number of transistors, but the overhead can be tolerated to improve the cell performance in terms of leakage current and delay.
Fingering in MOS Transistor
A multi finger transistor has many advantages over single finger transistors. It has lower gate resistance and is widely used in industry [30, 31] , however, an increasing number of fingers results in larger gate capacitance [32] . Figure 5 shows the multi finger technique layout design. The number of fingers in a transistor and its capacitance can be analyzed from the three-dimensional (3D) transistor view of a MOS transistor, as shown in Figure 6 . W is the width of the transistor and WD is the diffusion width required by fabrication. The value of W decreases as we increase the number of fingers. The finger width for a multi finger case can be considered as the value for W. Single transistors with one finger, two fingers and three fingers are shown in Figures 7-9 , respectively. From Figures 6 and 7 , the calculations of area and perimeter of source and drain can be done for a one finger MOS transistor and is given in Equations (3) and (4) [33, 34] .
Area of drain = A D1 = Area of source = A S1 = W × W D (4) Perimeter of drain = P D1 = Perimeter of source = P S1 = W + 2W D (5) In the same way, the estimation of area and perimeter of drain and source can be done for two finger transistors:
Perimeter of drain = P D2 = 2W D + W
Perimeter of source = Ps 2 = 2(2W D + 0.5W) = 4W D + W
Similarly, the estimation of area and perimeter of drain and source for three finger transistors is given in Equations (10)-(13).
Perimeter of source = Ps 3 = 2 × 2Ws + (1/3)W = 4Ws +W/3 = 4W D +W/3 = P D3 (13) When the number of fingers (N f ) is even = 2k (where k is an integer), the number of drain diffusion is k and the number of source diffusion is (k + 1) while the finger width reduces to W/2k, so the total area for drain diffusion is reduced by half and the perimeter is also less than the perimeter of a one finger transistor.
In the case of an odd number of fingers, N f = 2k + 1, the transistors are divided into (k + 1) numbers of source and drain diffusion. So, multiple finger technology can enormously reduce the diffusion area and perimeter. Hence, this technique can be used to improve upon the leakage and stability of the memory cell.
Results and Discussion
In this paper, we have used a two finger MOS transistor as the access transistor of the 6T MTCMOS SRAM cell This proposed design is compared with conventional 6T SRAM cells and also with MTCMOS SRAM cells with all the MOS transistors having one finger. The circuit diagram of the proposed SRAM cell is shown in Figure 10 . It uses two high threshold voltage (HVT) transistors (M7 and M8), while the SRAM cell is designed with low threshold voltage (LVT) transistors. The access transistors (M5 and M6) are also LVT and hasand two fingers. The specifications for the proposed cell are given in Table 1 . The schematic of the 6T SRAM cell is designed and the layout generated is shown in Figure 11 . The design is simulated to calculate the SNM and leakage power. The schematic for the MTCMOS SRAM cell is then designed and the layout generated is shown in Figure 12 . Leakage current and the SNM are then obtained. Then the proposed SRAM cell as shown in Figure 10 is designed and simulated for SNM and leakage calculation. The layout of the same is also generated to look into area overhead. The proposed cell was simulated to calculate the read static noise margin (RSNM) and the write static noise margin (WSNM). The read static noise margin (RSNM) is a measure of how much noise voltage is required at the node storing "0" to flip the state of an SRAM cell while reading. Therefore, RSNM is a more critical design metric of SRAM cells than SNM. The write static noise margin (WSNM) is another SRAM cell design metric, which implies the write ability of an SRAM cell. It is a measure of the ability of the cell to pull down the node storing "1" to a voltage less than the switching threshold voltage of the other inverter storing "0", so that flipping of the cell state occurs. WSNM is measured while writing "1". The layout of a proposed SRAM cell that uses an NMOS access transistor with two fingers is designed and shown in Figure 13 . The leakage current, RSNM and WSNM were also obtained for the proposed cell. All design and simulation was done using the Cadence Virtuoso tool at 55 nm UMC technology. The results obtained for the proposed cell are compared to the SRAM cell mentioned in [27] [28] [29] . The comparative analysis of different parameters is given in Table 2 . Figure 13 . Layout of the proposed SRAM cell. Table 2 shows the comparison of the proposed SRAM cell with other SRAM cells. The proposed cell is simulated and compared with other cells for different parameters like leakage current, SNM, RSNM and WSNM. Table 2 clearly indicates that the proposed SRAM cell largely improves the RSNM and leakage current of the SRAM cell by using only eight transistors in contrast to the other cells, which use 10 transistors in their design. Hence, it can be used to design a low leakage SRAM cell with improved stability and slight area overhead that can be tolerated in applications with tight constraints on stability and higher battery life. Table 3 shows the comparison in terms of area for the proposed SRAM cell with MTCMOS and a conventional SRAM cell. The comparative analysis for leakage current, SNM, WSNM and RSNM is shown graphically in Figure 14 . Two of these parameters, RSNM and leakage current, show significant improvement and their values when normalized in terms of the 6T SRAM cell are plotted in Figure 15 .
The graphical analysis of Figure 15 shows considerable improvement in the RSNM and leakage current when compared with conventional 6T SRAM cell. 
Conclusions
Memory cell design with low leakage and high stability is the prime concern of the electronics industry. There are various techniques that have been proposed for leakage reduction as well as stability improvement. This paper presents a new design approach to reduce the leakage current in SRAM cells while maintaining good stability. There is almost 2.7 times improvement in read stability and 1.85 times improvement in leakage current with the use of the proposed SRAM cell, however there is area overhead that can be tolerated due to improvement in important design metrics of the SRAM cell.
